Bistable and hysteretic switches, enabling cells to adopt multiple internal expression states in response to a single external input signal, have a pivotal impact on biological systems, ranging from cell-fate decisions to cell-cycle control. We have designed a synthetic hysteretic mammalian transcription network. A positive feedback loop, consisting of a transgene and transactivator (TA) cotranscribed by TA's cognate promoter, is repressed by constitutive expression of a macrolide-dependent transcriptional silencer, whose activity is modulated by the macrolide antibiotic erythromycin. The antibiotic concentration, at which a quasi-discontinuous switch of transgene expression occurs, depends on the history of the synthetic transcription circuitry. If the network components are imbalanced, a graded rather than a quasi-discontinuous signal integration takes place. These findings are consistent with a mathematical model. Synthetic gene networks, which are able to emulate natural gene expression behavior, may foster progress in future gene therapy and tissue engineering initiatives.
H
ysteresis is a frequent phenomenon with implications for both everyday life as well as life sciences. Traffic jams occur when the car density exceeds a certain threshold value; return to free-flow traffic requires the car density to drop beyond a jam-triggering level (1) . In biology, hysteresis plays a role in both macroscopic and microscopic events. Growth of an insect population above a certain threshold value will result in a plague of insects, the control of which requires reduction of the population size well below this threshold level (2) . Furthermore, chemotactic behavior of prokaryotes resulting from direction changes of flagellar rotation follow a hysteretic switching mode (3) . On a microscopic level, thermal hysteresis proteins, evolved to promote low-temperature survival of different species, lower the freezing point of H 2 O without significantly altering its melting characteristics (4) . Hysteretic feedback control phenomena also manage glucose vs. lactose utilization preference in Escherichia coli (5) and ensure unidirectional cellcycle progression in eukaryotes (6, 7) .
Reductionism in the form of ''-omics''-type disciplines has resulted in encyclopedic information on individual molecules and their functions. However, most biologic functions result from an interplay of several network components known as ''modules.'' New biological disciplines, including modular (8) and network biology (9) , evolved to elucidate the general principles governing structurefunction phenomena of such modules. Across disciplines, networks are known to be assembled from individual network modules or motifs. Feed-forward loops and bi-fans, known to the digital electronics community as generic circuitry modules, also operate in biological systems to control processes ranging from transcription networks to food webs (10) . The system's scope of information flow across a cell's molecular networks compares in complexity and architecture with computer chips and the Internet (9) .
Whenever analytic data-based network diagrams are drawn to explain complex cellular phenomena, there is always a degree of uncertainty as to whether all of the components required to elicit a certain effect have been included. To minimize such doubt, the new synthetic biology discipline makes use of another approach to understand the molecular crosstalk of cellular networks: emulation of desired signal integration by de novo construction and analysis of small transgene regulation modules (11) . This strategy is compatible with mathematical modeling, because all components of synthetic networks are well characterized. Furthermore, synthetic networks can be rewired by adding or removing components or circuits to gain further insight into molecular signal integration. Synthetic biology has achieved spectacular success, including construction of epigenetic toggle switches and oscillators (12) (13) (14) in E. coli and epigenetic transgene expression imprinting in mammalian cells (15) .
Networks containing positive feedback control enable two-level expression states with hysteretic (16, 17) or bistable (18, 19) switching characteristics. Bistable expression switches quasidiscontinuously flip from OFF to ON and from ON to OFF states once a controlling stimulus reaches a specific threshold (20) (Fig.  1A) . However, hysteresis requires a bigger signal to switch from OFF to ON compared with the ON-to-OFF switch. Therefore, hysteretic expression readout depends on the integration of current as well as historic input signals (Fig. 1B) . The most extreme form of hysteresis is the epigenetic toggle switch, which imprints two stable expression states, even in the absence of switch-triggering signals. Endogenous and synthetic multistable expression systems have been scrutinized in E. coli (5, 14) , which revealed that positive feedback alone was insufficient for multistability. Hysteretic networks with imbalanced expression of network components produced a graded dose-response (5), akin to systems devoid of any positive feedback loop (20) (Fig. 1C) .
Capitalizing on the interconnection of tetracycline-and macrolide-responsive transgene control modalities (21, 22) , we designed and characterized a synthetic mammalian gene circuitry showing hysteretic signal integration. A tetracycline-responsive positive feedback loop, communicating with a constitutive macrolidedependent transrepressor expression unit, impinges on transcription-modulation of a desired transgene. As predicted in silico, the transcription readout of a well-balanced hysteretic network is either ON or OFF, depending on the presence or absence of regulating macrolide antibiotics. At macrolide concentrations around the switching dose, the network shows hysteretic expression behavior characterized by higher macrolide concentrations required for OFF-to-ON than ON-to-OFF expression changes. Because the expression output of our synthetic hysteretic network is a function of its expression history, it represents an example of artificial memory imprinted on a transgene's expression status in mammalian cells. Synthetic gene networks with hysteretic transgene expression output may be considered to be an important milestone on the path to providing prosthetic networks for gene therapy and tissue engineering in the future.
[tetO 7 -ETR 8 -P hCMVmin -SEAP-IRES-pA; IRES, internal ribosome entry site of polioviral origin (24) ]. No. A01129-242) and appropriate selective antibiotics zeocin (100 g͞ml) (CHO-WW198, CHO-HYST) and͞or blasticidin (5 g͞ml) (CHO-WW198). CHO-WW198 were transfected at 50% confluence by using FuGENE6 (Roche Diagnostics) according to the manufacturer's protocol by cotransfecting pBP228 and the zeocin resistance-conferring plasmid pZeoSV2 (Invitrogen) at a molar ratio of 15:1 into CHO-WW198. This pBP228:pZeoSV2 ratio increases the frequency of selected zeocin-resistant CHO-WW198 derivatives also containing cotransfected pBP228-encoded expression units. Separation of hysteretic and resistance gene expression units minimizes undesired deregulation of the antibiotic-responsive hybrid promoter by the constitutive zeocin-driving promoter without compromising the selection process (25) . After a 2-week selection period (trypsinizing and reseeding after 7 days) in medium containing zeocin and blasticidin, hysteretic SEAP expression (26) of the mixed transgenic population was confirmed as outlined for individual cell clones below. The mixed cell population was subsequently diluted to five cells per ml and seeded into 96-well plates (200 l per well). After a 2-week incubation period in 96-well plates, supernatants of 50 clones were analyzed for SEAP expression. Positive clones were split into two wells containing zeocin and blasticidin selection medium. One of those wells was supplemented with erythromycin (EM) to assess the transgene regulation performance of individual clones. All 50 clones showed regulated SEAP expression, and CHO-HYST 44 , CHO-HYST 42 , and CHO-HYST 7 were chosen for further analysis. SEAP Assay. SEAP production was quantified in cell culture supernatants as described in ref. 26 . The SEAP detection limit is 400 nanounits͞liter (27) .
Quantitative RT-PCR. Total RNA was isolated with the NucleoSpin RNA II kit (Macherey-Nagel, Oensingen, Switzerland) from 10 6 CHO-HYST 7/42/44 cells according to the manufacturer's protocol. Two micrograms of total RNA was reverse transcribed into cDNA in a 100-l reaction by using TaqMan reverse transcription reagents (Applied Biosystems). Relative quantification of tTA mRNA in CHO-HYST clones was performed in a 25-l reaction combining the ddCT method, a tTA-specific transcript assay (Applied Biosystems; forward primer, 5Ј-AAGTGGGTCCGCGTACAG-3Ј; reverse primer, 5Ј-AGCAGGCCCTCGATGGTA-3Ј; probe, 5Ј-ACCCGTAATTGTTTTTCG-3Ј), 100 ng of cDNA, and Applied Biosystems 7500 real-time PCR equipment (Applied Biosystems) following suppliers' instructions. Standardized quantification of endogenous 18s-RNA levels ensured appropriate internal controls (Applied Biosystems, product ID Hs99999901s1).
Regulating Antibiotics. EM (Fluka) was prepared as stock solutions of 1, 0.1, and 0.01 mg͞ml in ethanol and used at final concentrations of 0, 125, 250, 500, 750, 1,000, 1,500, and 2,000 ng͞ml.
Modeling. BERKELEY MADONNA software (www.berkeleymadonna. com) was used to solve model equations and generate parameter plots, and MATHEMATICA 5.0 (Wolfram Research, Champaign, IL) was applied to design simulations shown in Fig. 2 .
Results
Qualitative Model. The synthetic hysteretic gene network has the following setup ( Fig. 1D ): A transactivator (TA) activates its own transcription by binding to a chimeric promoter (P hybrid ), which also can be repressed by a specific constitutively expressed [constitutive promoter (P const )-driven] transrepressor (TR) whose activity is modulated by a clinically licensed antibiotic. TA as well as TR bind to their specific palindromic operator within P hybrid in a cooperative manner. In the absence of antibiotics, transactivator and transrepressor bind to their operator. In such a situation, the transrepressor action dominates over transactivator function (24) . The behavior of the hysteretic gene network can be described by using the following dimensionless equation:
where To analyze the geometric structure of the model, the nullclines of Eq. 1 were determined as follows. First, d[TA]͞dt was set to 0, from which follows:
[2] 
The parameters deg, p, and (1 ϩ [TR]
2 ) were lumped together to create a new parameter
2 )), resulting in
Eq. 3 has a stable fixed point at [TA] ϭ 0. The intuitive explanation is that no positive feedback expression can be induced in the absence of TA. The other fixed points of Eq. 3 result from the solutions of
These fixed points can be found graphically by plotting the left-and the right-hand sides of Eq. 4 and by seeking for the intersections. Fig. 2 shows that there are zero, one, or two intersections, depending on the value of ␣. Assume an ␣ for which there are two intersections a and b. As ␣ decreases, the two intersections a and b approach each other and eventually coalesce in a so-called saddle-node bifurcation (28) 
where K ϭ 1͞[AB] 1/2 is the inverse of the concentration, at which half of the transrepressors are bound to AB. Based on experimental data, [AB] 1/2 was estimated to be 200 (ng͞ml) for macrolideresponsive expression systems (22) . The active TR concentration (with an arbitrary maximum of 10, which exceeds the maximum [TA] of 2.5 due to expression from a constitutive promoter) as a function of the antibiotic concentration is therefore
By feeding TR([AB]) back into Eq. 1, a model with a quantitative antibiotic input concentration (ng͞ml) is obtained. Yet, the model expression output is still in arbitrary units. 
Promoter strength p was set to 1 per time unit, and TA's degradation rate was set to 0.01 (29 (Fig. 3) .
In Vivo Implementation of the Synthetic Hysteretic Gene Network in CHO Cells. The in vivo implementation of the synthetic hysteretic gene network was achieved as follows (Fig. 4) . The tetracyclinedependent transactivator (tTA) (21) induces a hybrid promoter (tetO 7 -ETR 8 -P hCMVmin ) (24) driving its own as well as SEAP expression by means of a positive feedback loop. The macrolidedependent transrepressor (E-KRAB; ref. 22 ) represses tetO 7 -ETR 8 -P hCMVmin -driven transcription in an EM-responsive manner. This prototype hysteretic network was engineered on two plasmids (pBP228 and pWW198; Fig. 4 ) to prevent interference resulting from E-KRAB-mediated autotrans-silencing.
To characterize the synthetic hysteretic gene network, a doubletransgenic cell line CHO-HYST, stably harboring pWW198 (P SV40 -E-KRAB-pA) and pBP228, was constructed. For our experiments, we chose clone CHO-HYST 44 , whose SEAP expression was repressed by E-KRAB to undetectable levels in the absence of EM. In addition to CHO-HYST 44 , we selected clones CHO-HYST 42 and CHO-HYST 7 , the maximum SEAP expression levels of which were 6-and 25-fold higher compared with CHO-HYST 44 (Fig. 3) . We found that [tTA] 02 up to 55-fold lower than [tTA] 01 resulted in an OFF-to-ON switch at 1,000 ng͞ml EM (Fig. 5A) , binds to its cognate operator (tetO 7) and induces the Phybrid (tetO7-ETR 8-PhCMVmin)-driven dicistronic expression unit encoding SEAP and tTA, which is translated by internal ribosome entry site (IRES)-mediated translation-initiation. The transrepressor E-KRAB, a fusion of the E. coli macrolide resistance operon repressor E and the human transsilencing domain KRAB (E-KRAB), is constitutively expressed (P SV40-E-KRAB-pA) and binds to the ETR8 operator in the absence of the regulating antibiotic EM, thereby repressing P hybrid in a dose-dependent manner. Encouraged by the high degree of correlation between the model and the SEAP expression profiles of CHO-HYST 44 , we also tested our model for CHO-HYST 7 . The SEAP expression capacity of CHO-HYST 7 is 25 times higher compared with that of CHO-HYST 44 . Furthermore, SEAP expression of CHO-HYST 7 is only one order of magnitude below maximum expression levels, and the expression of this glycoprotein is repressed to the detection level under identical conditions in CHO-HYST 44 . The model Eq. containing medium and to 6.25 for precultivation in EM-free medium (reflecting a 10-fold reduction 02 populations were predicted to show identical SEAP expression profiles. Furthermore, we found that the concentration window for the ON-to-OFF switch broadened significantly, reaching a range of 0 to Ϸ3,000 ng͞ml. Between 0 and 2,000 ng͞ml, the output of the network was almost linearly dependent on the antibiotic input (Fig. 6B) .
Discussion
Transcriptional coupling of a tetracycline-dependent transactivator (tTA), which induces its own transcription along with the transgene in a positive-feedback-loop manner, with an EM-dependent transrepressor (E-KRAB) able to repress positive feedback expression, enables hysteretic transgene control in mammalian cells. For hysteretic operation of the synthetic gene network, E-KRAB and tTA compete for P hybrid interaction. At high [EM] (high levels of P hybrid binding-incompetent E-KRAB), P hybrid -induction is biased toward tTA, resulting in ON-to-OFF SEAP expression switches (or maintenance of high-level SEAP expression). Our observation that well-balanced relative transcription factor concentrations are required to generate hysteretic target gene expression is congruent with previous findings showing conversion of hysteretic signal integration of the E. coli lactose utilization network into a graded response profile by providing mock lactose operators to titrate the lac repressor away from the lactose promoter (5) . As exemplified by CHO-HYST 44 , CHO-HYST 42 , and CHO-HYST 7 , our synthetic gene network gradually changes from hysteretic to graded expression profiles the more the tTA͞E-KRAB levels are biased toward tTA. Binding competition between tetracycline-dependent transactivators and transrepressors for the same operator has been suggested to account for conversion of a graded rheostat to a bistable all-or-nothing switch (30, 31) . Akin to such conversion, the bistable hysteretic network behavior (CHO-HYST 44 ) moves toward a graded rheostat as tTA outcompetes E-KRAB for binding to the hybrid operator module (CHO-HYST 7 ). CHO-HYST 42 represents a transition state characterized by a typical expression profile resulting from chimeric hysteretic-rheostat expression qualities. Besides binding competition between transcription factors, their binding kinetics were suggested to impact graded vs. all-or-nothing response profiles (32) .
Transcriptional noise is known to contribute to expression heterogeneity within clonal eukaryotic populations (33) . Noise intensities are typically low for fully repressed or induced expression states and become significant at intermediate expression levels (33) . Because the bistable hysteretic network operates at either ON or OFF state where noise levels are considered low, noise is expected to have little impact on hysteretic network behavior. Also, all hysteretic network components are encoded on the chromosome that is known for its noise-filtering capacity (33) .
The design and construction of systems that exhibit complex dynamic behavior remain the major goal of the synthetic biology community (34) . An educated choice of network components as well as their assembly in precise crosstalk configurations may enable synthetic networks to increase our understanding of natural processes as well as foster therapeutic advances (14) .
Positive and double-negative feedback regulation circuits, able to convert a graded into a binary response, are common control themes in nature, which evolved to manage cell fate decisions including chemotaxis, myogenesis, and cell cycle across species (19, 35, 36) . Therefore, synthetic networks incorporating virus-, bacteria-, or mammalian cell-derived building blocks show a high degree of interoperability and network design principles evolved in E. coli also function in a mammalian cell (15) . Such genericness among gene control circuitries increases hope for successful therapeutic interventions in future gene therapy and tissue engineering initiatives.
